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aggregation? Does it use its central channel at all? ToChaperoned Protein
address this, the investigators turned ClpB into a ClpP-Disaggregation—The ClpB Ring associating machine, the idea being that if proteins are
passing through the central hole of ClpB, they will windUses Its Central Channel
up in the proteolytic cavity of ClpP and be degraded.
Such association was accomplished remarkably simply
by replacing the helix-turn-helix motif at the base of
In this issue of Cell, Weibezahn et al. (2004) exploit ClpB’s second AAA element with that of ClpA, observ-
a clever manipulation of the Hsp100 ring chaperone, ing that ClpB-ClpP complexes could now be formed.
ClpB, to gain some mechanistic and physiologic un- Remarkably, the functions of protein disaggregation and
derstanding of the action of this chaperone in mediat- refolding as mediated by ClpB and the Hsp70 system
ing ATP-dependent disaggregation of protein aggre- now became functions of protein disaggregation and
gates that accumulate in the bacterial cytoplasm degradation.
Excitingly, the kinetics of these two processes, disag-under severe heat shock conditions.
gregation and degradation, were virtually identical, sug-
gesting that they are coupled events. The steps alsoA remarkable activity of ATP-dependent disaggregation
appear to be physically coupled because there was noof protein aggregates was originally discovered by Lind-
access of disaggregated malate dehydrogenase (MDH)quist and coworkers in the yeast cytosol, mediated by
to exogenously added GroEL chaperonin, which hasthe heat shock protein Hsp104, the yeast Hsp100 homo-
affinity for non-native MDH monomers. The implicationlog (Parsell et al., 1994). Bacteria contain homologous
is that the normal function of disaggregation involvescomponent, ClpB, and in both yeast and bacteria, as
passage of substrate proteins through the central poreshown by experiments in vivo and in vitro, cooperation
of ClpB.of these components with the Hsp70 system can bring
But could passage into ClpP in these experimentsaggregated proteins back to a functional fold (e.g.,
somehow be occurring as an independent process, de-Glover and Lindquist, 1998; Mogk et al., 1999). How
spite lack of physical access to GroEL? The investiga-does this work, and what would happen to the cell if,
tors went to considerable pains to address this, al-instead of refolding these proteins, they were simply
though, in the first instance, it seems very unlikelyeliminated?
because ClpP cannot by itself translocate large sub-To understand the beauty of this study, a look at the
strate proteins, even unfolded ones, through its ownarchitecture of the broader family of Hsp100 chaperones
gated entryway—entry requires coaxial association withis helpful (see Figure 1). Hsp100’s are homohexameric
an Hsp100 protein. But as additional evidence for pas-ring assemblies whose cylinders are composed of one or
sage of substrate through the ClpB hole, the investiga-
two AAA ATPase domains, usually topped by flexible
tors both mutated and placed a crosslinker on a residue,
domains that are involved with recognizing substrate
Y653, that lies in a narrow part of the central pore at
proteins or binding adaptor proteins that have done so the level of the second AAA element (see Figure 1).
(Sauer et al., 2004). Recognition of substrates at the Mutations in the homologous tyrosine in yeast Hsp104
level of either chaperone or adaptor usually involves have recently been shown to block its conferral of ther-
specific binding of terminal amino acid sequences in motolerance as well as cooperative action with the
the substrate. Such well-studied chaperone assemblies Hsp70 system in vitro in refolding luciferase (Lum et al.,
as HslU, ClpX, and ClpA mediate ATP-dependent pro- 2004). Here, in in vitro studies, mutation of Y653 blocked
tein unfolding of recognized proteins, coupled to trans- the process of MDH disaggregation, potentially as a
location through their narrow central channel. Such pas- function of failed binding of substrate to this site, or
sage is in turn often coupled to protein degradation alternatively, a function of a failed local movement that
as the result of coaxial association of proteasome-like normally drives translocation (see a recently published
cylindrical proteases such as HslV or ClpP. But ClpB, model of such movement for a hexameric ATP-utilizing
while sharing physical features of the other Hsp100 RNA-translocation machine; Mancini et al., 2004). In the
chaperone components, has structural and functional second test, when a photoactivatable crosslinker was
properties of its own. First, it fails to recognize any of placed at position 653, the translocating substrate could
the standard substrates that are acted on by the other be directly crosslinked to it. Further, and perhaps most
chaperones, preferring aggregates instead. Second, it compelling concerning translocation, if the passageway
has no protease partner. More specifically, a tripeptide into the ClpP protease was occluded by leaving the
sequence on a helix-turn-helix motif that is present at propeptide normally removed during its biogenesis in
the base of the ClpX and ClpA cylinders, which mediates place, the disaggregation reaction was blocked. This
their association with ClpP, is not conserved in ClpB. reflects that disaggregation requires progressive trans-
Third, the ClpB subunit has a structural element of its location, down and out the central hole of the ClpB
own, a long coiled-coil antiparallel -helical element; six component. Here, where such progressive translocation
of these are situated like a propeller at the outside sur- mandates coaxial passage into ClpP, a block at the level
face of the cylinder at midlevel (Lee et al., 2003). of the ClpP hole itself prevented such progressive
movement.So, how does the ClpB machine mediate protein dis-
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Figure 1. Architecture of the Hsp100 Chap-
erones
All are rings composed of six subunits, each
containing one or two AAA domains and a
flexible domain (colored gray). All contain a
central channel. Unique to ClpB (and its yeast
homolog, Hsp104) are long coiled-coil seg-
ments (purple), forming a propeller-like struc-
ture at the outside aspect. ClpB and Hsp104
also lack a tripeptide sequence at the base
of the subunits that mediates association of
ClpA and ClpX with the protease ClpP (or-
ange); that sequence was brought into ClpB
in the present study to allow it to associate
with ClpP. A conserved tyrosine in the central
channel of ClpB, Y653, was shown here to
be involved with the disaggregation process
(blue), supporting that disaggregation re-
quires translocation through the channel.
Yet how does passage through the central channel haps along with transient binding of substrate by the
Hsp70 system, to bind component monomers in theof ClpB accomplish a disaggregation action? In this
commentator’s view, the action exerted seems to re- aggregate and unfold them. By such a model, the coiled-
coils might simply be providing auxiliary unfoldingsemble that of the other Hsp100 proteins, where we
know that similar passage occurs in association with power, relative to that available to ClpX and ClpA, by a
yet to be understood motion. Thus, work must focusprotein unfolding. Thus, here, a similar unfolding action
must be coupled with delivery of a substrate monomer now on the specific role of the Hsp70 system, on the
nature of what proximately recognizes the aggregate,from the aggregate. Insofar as a related Hsp100 machine
such as ClpA cannot efficiently pry apart an aggregate, and, of course, on the functional role of the propeller
segments.even in the presence of the Hsp70 system, one has to
infer that it is the additional presence of the coiled- Finally, a physiological question was able to be ad-
dressed here with the modified ClpB. Could the cellcoil elements, along with the Hsp70 system, that allows
unfolding by the ClpB central channel to mediate effi- survive heat shock if aggregated proteins were simply
proteolytically removed by the ClpP-associating form ofcient disaggregation.
While we know little about the exact role of the coiled- ClpB inserted in place of normal ClpB? The answer was
definitively no. It appears that the removal of essentialcoil elements (but see Lee et al., 2003), what can be
said about the role of the Hsp70 system? Although the proteins tied up in aggregates does not allow for cell
survival—they have to be reactivated. One cannot throwHsp70 machinery was not required here for the degrada-
tion of small peptides or an already unfolded protein out the baby with the bath water.
(-casein), it was required for such action on an aggre-
gate of malate dehydrogenase. Moreover, it was also
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tion of cis-SNARE complexes by the chaperone NSF
(Sec18p in yeast), a reaction that requires ATP hydroly-
sis and the cofactor Sec17p. Peters et al. (2004) show
that dynamin may act after this reaction by interacting
with the resulting free t-SNARE Vam3p. When added atSNARE Filtering by Dynamin
time zero, an antibody against the yeast form of dy-
namin, Vps1p, inhibits the fusion reaction. When added
later, the antibody gradually loses its inhibitory effect.
The kinetics of resistance to the Vps1p antibody matchesFission and fusion are the two elementary steps of
the completion of the priming stage and the beginning ofmembrane traffic. The mechanoenzyme dynamin acts
the docking stage when vacuoles start productive associ-at the fission step, but, in this issue of Cell, Peters
ation. What could be the role of Vps1p? Several experi-et al. (2004) suggest an additional role of dynamin in
ments suggest an intimate link between Vps1p and thepreparing membranes for fusion.
t-SNARE Vam3p, including the fact that the two purified
proteins can interact in vitro. Because dynamin firstThe well-known function of dynamin is to promote the
forms oligomers, which include Vam3p, and is then re-fission of clathrin-coated vesicles. This function is im-
leased from the vacuole at the docking stage, themediately suggested by electron microscopy: dynamin
authors suggest that dynamin traps Vam3p to createself-assembles to form regular spirals with an outer di-
t-SNARE hot spots, ready to form trans complexes asameter of about 50 nm that enlace lipid membranes and
soon as dynamin is liberated. The fact that Vps1p isforce them to adopt a tubular shape. When this event
concentrated at the vertex region of docked vacuolesis coupled to the clathrin coat machinery, one sees
further supports its role as a spatial organizer of themembrane buds covered by a clathrin lattice and con-
SNARE machinery.nected to the donor membrane by a collar of dynamin.
What remain unclear in this attractive model are theThe mechanism by which dynamin drives the membrane
relative roles of the GTPase cycle of dynamin and of thefission remains mysterious. But, ironically, while dynamin
ATPase cycle of Sec18p/NSF. Experimentally, determin-
aficionados are still subjecting dynamin to thorough mu-
ing the connection between the two cycles may not be
tagenesis and electron microscopy to reveal its elusive
straightforward, as NDP kinases present in the cytosol
function in fission (Danino et al., 2004; Marks et al., 2001;
preclude the independent control of the ATP and GTP
Song et al., 2004), Peters et al. (2004) now report a role levels. As judged by the kinetics of sensitivity to various
of dynamin in membrane fusion. antibodies, Sec18p/NSF fulfills its function before dy-
Membrane fusion is the mechanism by which two lipid namin/Vps1p. Yet other experiments suggest that Sec18p/
membranes from distinct organelles merge (Jahn et al., NSF, through its ATPase activity, contributes to the dis-
2003). It is topologically distinct from membrane fission, assembly of Vps1p from Vam3p. But wouldn’t it be sim-
and the machineries that drive fusion and fission are pler for dynamin to directly use its GTPase cycle to
different. Among the key players of membrane fusion control its interaction with the t-SNARE? Strikingly,
are the SNAREs, proteins with a single transmembrane coimmunoprecipitation experiments demonstrate that
helix followed by a remarkable cytosolic region, the the Vps1p-Vam3p interaction is disrupted by the addi-
SNARE motif. The SNARE motif from different SNAREs tion of the nonhydrolysable analog GTPS. As nicely
can self-assemble into a four-helix bundle. When this suggested by the authors, Vam3p could interact through
pairing occurs in trans, between v-SNAREs from a vesi- its SNARE domain with a predicted coiled-coil region
cle and t-SNAREs from a target compartment, mem- of dynamin, which undergoes a dramatic conformational
brane fusion proceeds (Figure 1). After fusion, the four- change upon GTP hydrolysis (Chen et al., 2004). This
helix bundle, now in cis, becomes an inert object whose domain is at a significant distance (ca. 50 A˚) from the
components must be recycled for another round. Using membrane surface, but the length of the SNARE motif
an in vitro assay that measures the fusion of yeast vacu- should permit such a positioning.
oles (Wickner and Haas, 2000), Peters et al. (2004) sug- Other mechanisms have been proposed for the sort-
gest that dynamin plays an essential role in this SNARE ing of SNAREs. The protein coat COPII, which allows
cycle and thereby influences membrane fusion. the formation of transport vesicles between the endo-
Several important features of this deceptively simple plasmic reticulum and the Golgi, captures dissociated
homotypic vacuole fusion assay must be underlined. SNAREs but not cis-SNARE complexes (Mossessova et
First, the overall reaction involves a cascade of molecu- al., 2003). Like dynamin, protein coats are membrane-
lar events, from which only the last correspond to the deforming polymers controlled by a GTPase cycle. How-
ever, there is a fundamental difference between dynaminmembrane fusion reaction per se. During the first 20 min
